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Abstract-Dark and photocond~~ctivities of nematic, smcctic and cholesteric 
materials have boen measurcd with particular attention to the changes in 
propertics at  phase transitions. Although a rcasonably large photo- 
response could be found in several liquid crystals at  room temperature, 
only a very small photoresponse occurred in the liquid crystal state. At 
the transition point solid liquid crystal $he dark conductivity, Q and 
the thorrnal activation energy, E, typically show large changos, while in 
the liquid crystal -+ liquid transition, OD and B, change only slightly. 
Both transition temperatures can easily be identified in the plots of 
log u vs 1/T, and agree well with microscopic and calorimetric observations. 
Cholesteric materials show a surprising decrease in dark conductivity at the 
solid + cholesteric tsansition during heating, in contrkst with the behavior 
of nematic and smectic materials. 

Introduction 

I n  recent years there have been a large number of investigations 
of the conductivity of molecular  crystal^,^ and some of these 
investigations have dealt with anomalies associated with solid- 
liquid  transition^.^-^ For example, when naphthalene is melted, 
there is an extremely sharp increase in conductivity of about 
three orders of magnit~de,~ and similar increases have been 
noted for eight other  hydrocarbon^.^ The mobility of charge 
carriers during such a transition is reported to decrease by three 
orders of magnitude in the case of ~ y r e n e , ~  going from mobilities 
of the order of one to mobilities of approximately 10-4cmzv-1 
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scc-I. l3otll bccanhe of' its rclcva~lce to this l)robIeln, a~icl i)c.car4ic 
licjnitl crysf,i~ls ~ultler.go oriclltntion cfrcctsQs~~tl intiricc(l 1 ) i  <x<rs 
c l ln~~j i r s"~~  clcctrio liclds, a systcr~latic stiltly was colrtlricteti of  
cll:~rtgcs i r k  co~ldtiotivity sssociatctl wit11 1)llnse trallsitlo~l"?ii~ 
liqliitl cryst,nls. 

Oi~c nspcct of tile problcln is to iinil a liqliid cryst t i A  s ~ ~ i t (  n i  

in which ~)hotoinjectio~~ csj)crirnents are possil-~le so tii,~t t i i  f,! 
mobility mcas~~rclnc~lts, wllicll have been so cf'l'ectivc in clt:o~tl,~*,r !;L, 

the ~ncch:~uis~n of cl~nrgc tmnsl)ort i l i  o rga~~ic  crysf coiij(b 1 ) ~  
ljcrfonnrti. ilcslilts of a scrce11i1lg program in wIlicI1 r~l)re,(q~th- 
tivc liqt~itl cryst,a;ls containing a;l.omatic moicties were tci1,ttl for. 
pllotorcsponse are presc~itccl bclow. 

The secolld aspect of the problem is to esamine ci~r,!lges 117 

dark co~~dtlctivities and activation encrgics of conduction aL ?,ic 
pllase transitions. AltIlougll interpretation of absolute vaitre~ o f  
these paratncters is fraught with difficulty, tllc relative vniues ,,t 
phase transitions are both diagnostic and reproducible. Ceiojir 
are reported. the electric bel~aviors of nematic, smeitic a i d  
cholcsteric ~natcrials a t  sac11 transitions. 

Experimental 

Materials: All of the colnpounds studied in detail were 211r;fie 1 
by s~lccessive recrystallizatiolis until their melting ranges Vera 
raproducible, and in good agreeinent with literature sa:ire? 
AIthouglz in general zone refining was not efficient as a ~ U ~ ~ ~ I C R Z I C  i 

procedure, p-anisylideiie-p'-bipheliylamine was purified LJ 20 
passes in a Fisher zone refiner. 

Illeas.n.re~ne.rzts: Sandwich cells were constructed from c , u ; ~ r ~ ,  
plates with evaporated gold electrodes or tin osicle coiiiLirc"iilr, 
glass platcs. The liquici crystal was melted between these ],I xtc* 
with a .006" tcflon spacer, arid the edges sealed wit11 an cp3s.;. 
cement. Conductivity was lneasurecl using a Cary 401 T'ilhrc\tii~~ 
need Electronieter or a ICeithley GlOE Electroi~ieter (conven~ioi~al 
two electrode D.C. method). The applied voltage, fiox, ,. 
Keithley 241 power supply, was negative on the illuminsteti nl(!i. 



of tllc smnplc. I llriini~itttion w ; ~ s  ~ill)l>lictl by a 1.50 watt sen011 
la~nl),  n-llosc bcnnl was l):assctl tlir-o~~gh a, water filtcr to clirr.ril.ra,te 
ileat,ing cff'ccts. l'llc lallil) was 25 c~rl from tlzc sarn]3lc, and tllc 
illnmi~.ra,tion nrns tl~rougli tJlc scmi-trans3,srctit gold or tin oxide 
clcctrodc. 'I'llc ssn~l>les wwc iuoil~ltctl in ail cvacuablc, hcatcd 
cell ~vit~li a, quartz wintlow simiiar to that previously described.* 
Ilcns~reilleiit~s were pcrfonned in vacuo. 

Results and Discussion 

Table 1 lists tlirec lnatcrials whiclt sllow a large photo-current 
to clarli current ratio a t  room tcmljcrature. Of the group of 
com~)ouil(is s~recnc~l ,  t l le~c are tlle only coinpounds wllicil show a 
reasonably large steady state photoresponse. Variation from 
sample to sample is reflected in the range of the ratio reported. 
Of these 3 compounds, p,p'-dimethoxystilbene shows no evidence 
of actually being a liquid crystal when purified, although it is 
reported in the 1iterature.j 

Part  B and C of Table 1 lists a group of compouizds which 
show little or no photorespoilbe a t  room temperature and a few 
compo~~nds showing a large transieilt photoresponse. For 
exaillple, p-anisylidei~eai~iilzocii~ila~nic acid sl~ows a transieilt 
pI~otocurrei~t/darl~ current of 1150, and then a negative (!) 
steady state photocurrent. It must be remen~bered that not only 
can electrode effects be responsible for this liind of behavior, but 
photochemical reactions may be occurriilg in these compounds. 

Unfortunately evcn those compouilds showing a large photo- 
response a t  room temperature show only a very small residual 
photo-respoi~se wlle~l heated to the liquid crystal region. This of 
course is partially anticipated from the typical increase in dark 

I current in the solid having all activation energy of approximately 
1 eV, wlzcreas forp-aiiisylidene-p'-biphenylamine the photocurrent 
activatioi~ energy i11 the eolid is approximately 0.3 eV. Diethyl 



~ ~ , ~ ~ ' - a z o x y t ~ i c i n i ~ m a t c  clocs sllo~v a s~ilall ~~lnotocurrent iri " c ~ e  
slliectic rcgion, co~nljlicatcd by a ljrol~onnced photovoltaic c,KecL, 
which is being further invcstigetetl. 

C. C'o~r~poun(I~ ,S'/~otui~zg u T ~ u ~ ~ s i e t i t  J'/~otore~po/1se 
p,p'-~Zaosyanisolo 
21.p'-Aao~y~~l~c1zctolo 
p-~~-Anisylitlc~~~crninocint~~%~nic acid 
Cholchtcryl 9, 6-tlinitrobcn~oato 

- 
$ 1.30 watt xenon larng 2.5 cm from sample, water filter (30m?Ir/cm?). 
$ Cornpound is probably not a l i q l ~ i c l  crystal. 

Table 8 lists the changes in coliiluctivity of some typical ! ~ c ~ c ~ i c l  
crystals a t  phase trailsitions for one smcctic and three nematic 
materials. At the transition ;empcrature of solid-liquid cryit;: 
one fil:ds a marlie~l increase in conductivity. ,4t the liquid tci 

liquid crystal transitioa there is essaltially no change in tilt 
conductivity, altllough a slight i~ifiectioii is observed in tile 
coilductivity teniperatare plot. One is able to recognize t i l e  

esisteilce of this latter phase trailsition but there is no dra:n;ric 
cl~ange in the conductivity. Only one v d u e  in tile table, that  for  
conductivity ratio on coolilig of p-anisylid~iiearnino~)I:t.~,~i 



o lici~iiti (i lici~~itl/u licjliitl 
 crystal/^ solitl crystdl 

Coinl>o~mtls Type I-Icni,ing Cooling Rcating Cooling 

: ~ c ~ > t  :it ( 3 ,  hlro\\.s n tIihaql.c~c~iilc~iII, j)rf I\ ~ ~ 1 1  l i ( x c ~ f  iilg :;111(1 cooliilg 

(by(-l(\s. :111(l  t l ~ i h  ( I ~ S : I ~ I * ( ~ ( ~ I ~ I ( ~ I I ~ ~  is ( 1 1 i ~  t i )  III:II.I\(YI h1il)(vvooli11g 

;IS oil(\ go(>h I ' I S O ~ I ~  t I \ ( #  ~ I ( \ I I ~ : I ~  i ( ;  l ) l l ~ l h ( ~  t o  t I I V  soli(l ~ ) ~ I , I S ( .  1'01. t 11is 

111:11(~1*ii11. 
r 1  I ; ~ i ) l ( >  :i S ~ ~ O \ V S  t11(: ~o i .~ . (>hl )~ i l ( l i~ lg  O I I ' L I I ~ ~ S  i l l  t i i ~  i ~ ~ t i ~ i ~ t i o l l  

e~lcrgics ol contluctiou o l  liciuid crystals : ~ t  tlic 1)Ilnsc i rai ls i t io~~s.  
r~ 1 liere is s Inrge cllangc i l l  tllc slol)e of t he  tcmpcrature clcpendcncc 

T~ur,le 3 Changcs in ilclivaLior~ JCrlorgy of Contluution of Liquid Crystals 
at I'haso Transitions 

13 li<111i(l 
11: solicl crystal I3 liquid 

Coin~o~~nt l  TYPO (ov) (eV) (ow 

p-Anisylitlcncdmino- 
~llenyl acetate Senlatic 1.8 0.50 0.41 

Diethyl p,p'-aiosy- 
clicinizamat e Sincctic 1.3 0.72 - 

p-n-Hesylosybeiuylidene- 
aminotoluene Xcmatic 1.6 0.07 0.43 

I 
Cholesteryl nonanoate Sincctic 1.3 0.82 0.60 

Cholcsteric 0.81 
Cholestcryl propionnto Cliolcsteric 1.1 0.59 0.S1 



:\s ollc gclrs fiolll illc soiitl t o  ilic licjtticl crystal I - V ~ I O I I .  a i ~ t l  o111y ,L 
slight ellange nssocialctl ~ \ ~ i t h  the lic;jr~itl c~-ystnl-licjlliti tra~lsitii~ii. 
ITron~ these dizta, i t  is 1tossible to  acc~iratcly determii~e the t c i , ~ -  
prraturcs for hot11 solitl-liqilici crystal ant1 liqriid crystal-liqrirtl 
transitions. Table 4 compn~*cs tlie vslilcs from t11c conc111ct;vity- 
tempcr:~ture cnrves with tllosc detcr~ninerl. hy  the more con- 
ventional mciting stuiiics or ctiTTcrcntisl scanning calori~nctry, an-: 

the agreement is extremely gooil. The most sorprisi~~g aspect o r  
tllcse s t ~ ~ d i c s  is the conb-ast in bei.iaviol. of tile ~lcrnatic licjlliiA 

crystals and the cholcsterjc liquit2 crystals in tlleir co~lductIvi~jr 
behi~vior. 

Figure 1 shows the temperature cicpc~~dcl~cc of co~?tiuctiviry 
of y-anisylicieue-p'-bi1)11~11ylsuzine. One call see tho transition 
from solid to liquid crystal 13hasc as a lnarlced increase in con- 
ductivity which is noticeable bot,h upoiz Ilcating and cooling 
cycles. This would be the Itind of belravior tlrst one -cvould expect 

TABLE 4 pl l8~0 Transition Torny~cratnrcs Observcd in Cond~lctivity 
Studics 

Tralzsitioiz Tc~npcrat~,ro, 
Solici -rLicluid Liy~iiil 

Crystal Crystal-rLici~z~cl 
Contluc- Contluc- 

Z~tcra- tivity Litcra- t~v l ty  
Colnpo~~ntl Type ture Studies t ~ ~ r e  Sttidies 

p-An~syl~clcnc-11-b~phcnyl- 
alll~llo Kcmatic 161: 162 7 17s 

p-An~sylitlencnmino- 
l>htnylacctate Kcmatic 1 SO 10s; 104 

Diothyl p,p ' -a~osy-  
tiic~nnamate Smect~c 140: 140 249: - 

p-n-He~ylosybenaylidenc- 
aminotol~icpe Semaiio 3S$ 58 73s 74 

Cholcsteryl nonanoato Slnect~c 76.311 , 

Cilolestcric SO.Ojj 78-80 93.1,! 93 

: Intel-national Critical Tables. 
$ Sample f~irilishcci by Dr C. EX. Brown. 
j ]  R. Ennulat, Z n c l  International Liquid Crystal Conferonce, Zectme 7 ,  

Kent Stnte University, Ohio jl96S). 
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Figure I. To1npcratul.e Dcpcntlcncc of Contlnctivity of p-Anisylidcne-p'- 
biphonylainino. Ficld Strength SO Vm-1. 



to  siXc i l l  sllcll :L ~ I I : L ~ c  i i~~i i ih i t io~~ i);ts~(t 1i])o11 ot11cr I\ OI*~.. (111 ~ I * ; , L J I I C  

solitis. 
Vigli1.c 2 S I I O \ \ ~ S  tile r ~ h ~ i l t  fi)r C J I O I C S ~ ~ C I ' ~ ~  n011,ill0i~t~. l l < ~ r < b  <I\ 

otic i~c;lls llkc solitl, :L III;LI'I\(YI dc~ul.c;~se i n  contlliclivjiy occtrr- ,rt, 
ilie solitl-c1iolcstc1.i~ ir,i~isiilo~i.  'I'11c coiltirictivity j~lcrcaici iii 1 1 1 ~  

cl~olestc~*ic l)li;\hc il-nnsilioti i'l.onl cl~ol(~stcrie l o  isoiro1)ic !icjr4,,i. 
1 1 1  i l lc  cooli~~p, ccrvvc, o ~ l c  c*,tlrlior, (lihtil~gi~ihll t , 1 1 ~  ~ i io I (~s t (~ i i c  < t i  (1 
s t ) l ( ~ t i c  ])II:IS(\S ])~,vcis(\l,y : ~ ! t l ~ o ~ i g h  t11(>1*(> is hoi)t(> hli:ltt, i~\(i:(:<~t~oi; 
of  l ) ( ~ ~ * t i ~ ~ ~ l ) ; ~ t i o ~ ~  ill t l i ~  (~o~\(lt~(:iivii .y i t ,  tltc t.cgio11 of  []I( ,  l r l o l i  ) -  

t190])ic c l ~ o l ~ ~ s t c r i ~ - s ~ ~ ~ c o t ~ i ~  tl*:\~)sil,jot). '1'11(1 111;tjo1- cfTcct, ib  S,\I])W**-. 

cooliilg to :L t c~ i~~ l ) (~s ;~L\ i i~ (~  ill LII( \  1 ) i )1 . i~~~ l  soIi(1 s L ~ t c  ~ I I  x v I i i ~ ; l ~  LL 

sutltlcll itlc~*cnsc. oi'ilic colic(t~t:tiviiy oc.c~it.s as o ~ ~ c  I Y ~ ~ L I I - I I S  !I'OII-I ~ i i i '  

s~il)i~~.coolttl  liil~iiti cryht,\l ~)li , \se t o  il ,c holitl j)l~<isc. 
'I'iie tct l l~)cl ; i t i~~~c t lcl)ei~t lc~~ec oS  tia~l; cont111ctiviL.y of c~~oicxit c i  J I 

l j r ( ) ~ ) i ( j ~ > i ~ I ~  I\~:IS :~lho C > \ : L I I I ~ I I ~ ( ~ ,  c~ii(l i t  I)V~I:LVCS S ~ I T I ~ I < I I . I ~  1 0  

cl~olcstc~~*yl I ~ O I I ; I I I ~ : I ~ ( ~ ;  Ilrc. (I(Y:I'C,\S(> i l l  ~oii(lli("tiviip C L L  1 1 1 0  

soii(1-cllolchtc~l~ic ljIi,\hc ih ,~l)oiit  oi~c. ortlc~. of ~li<igiijt~l(lc ovt'i A 

teml>cr;~i urc rangc o l  i ~ b o l ~ t  5'. 'l'llcre is no sincetic phasc ~ ) r e s c ~ i  t 
preceding this transition. Thus the decrease in coi~drlct ivi~y 
apl~ears  t o  bc geileral for cholesteric compounds. 

For  cholesteryl nona~zoate, the current-voltage characterishcs 
were examined. Ohm's l a x  is obeyed up  to  1.5 x 1O4Vcn1-1 :I, 
solid, cholesteric, ancl liquid states. 111 tile liquid crystal reglor: 
superliiiear behavior is observed above this voltage. and A; 

approximately l o 5  Vcni-I brealidown occurs. It is sliglitly be!o~,- 
this breakdo.wn region than an electric field induced phase cha,i:,e 
has been reported in a cholesteric ~-riisture.\Bn at tempt 1 ~ ~ s  m,.c:e 
t o  observe this induced phasc change by  going through the soiid- 
smectic-cholesteric phase transitions a t  field strengths just beIoil- 
breakdo~vn. Eotvever, fluctuation in the  observeci currents F L  
these field strengths was too large t o  allow a determination of tiids 
behavior. 

The u~iusual  behavior of choIesteric compounds on meltiiig 1s 

dificult t o  explain. As has already lieen stated, there are pro -  
found differences in a ro~nat ic  crystds associated with the  sol;(:- 
liqnicl pllasc transitions where lnobility decreases by  scvci-ai 
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Figure 2. T e ~ n p e r a t ~ ~ r c  Dcpcncience of Contluctivity of Cholesteryl 
Sonanoate. Fiold Strength SO00 \Tern-'. 



orders of m,rgnii~:tie anti contlirctivity increases by scver -i o r  t i c  5 

of rnagl~it~itlc. 'I'lilis C11c t rn i l s j )~~ . t  mccl~s i~ism in the \ ~ ) j i ( i  ,I I& 

liquitl appcnl* to bc f ~ i ~ ~ d a m c n t a l i y  different. I b  is 1ia1c ;\T I 1 1  a i ,  

carricr ~uo'c~ioll in the ~-iorlnal isotropic liquid c ; ~ n i ~ o t  1)c ti-c ,~tec* r y 
tllc snlac tyl)e of ctclocaiizcil ~lioclcl as  is the case for I LL,~, . 
I n  tlle absence of il~cicl~encient information regardin2 i:ei~iia~ ~ J A C  

nntnre ai~cl conccntratio~> of cl-rarge carriers or their ~moli,li ,?7, A T  , 
inipossiblc t o  tir;~w co11c111sio1-1~ a1)011t the ohscrvcti contIii\ r ,  1, i \ -  

diii'crcnccs nt pl1~se i r a ~ ~ s i t j o ~ ~ s  for t11c I I C ~ ~ R C ~ C  ai-i(I ~ l l o I ( " ~ e i ~ ( ,  
~?11nscs. One xvould argue in ciilier of tile folionri~ig! \\.,LLS A !' 
mobility clecrcnscs iil the  cholestcric pl~ase,  the charge: I , ~ I ! - I ~  I- 

concc~itrntion ~lcctl 11oL increase as  m ~ ~ ~ ~ l i c t l i y  as  i t  doc, i i l  

nc~nat ic  pllnsc. Aitc~~i~z~iively,  1o1iq I * ~ I I ~ V  or(1er I I I C I , ~  st i l l  , C , I -  
in Ci\c c1lolcstc1.i~ 1)Il:~sc izllti n tlcloc:zlizc(l n~ot lc i  mny 1)i- , ~ j , j ~ ! ~ (  

:11)1e. j i ,  is j)o~sil)i(~ 111,1t 11io1)iIily wo111(i ~ o /  1 ) ~  ( 1 1 ~ ~ 1 ,  T (  ( 1  \<, 
( ~ I . : I I I I ~ ~ ~ ~ ( ~ , I I I J J  ,I ( ,  1 1 1 ~  [)11<is(> l~.:itlsitiot\. 'i71it\ ( l o i~ \ i i ) :~~ l l  (L!I.(Y,~ I ~ I  - 3 '  

t l l ~ ~ l  l)c> ail i~ici.(>:\<i\ i n  ("li'i*i(br Il.'~j)l)lilq i ~ i  tI1(1 licj~~itl c.iysi 1 1  si_io 

ciTeetivcly ~.ctlr~cil)g c,~i.ric~. conccrlt 1 x 1  ioll. 21 is ,z ~ ~ o i -  i.. \ , 

thcrcfbre, t11;~t \vhilc ~ i c ~ ~ l a t i c  111nlerid6 I>cliuve tnz~cli lnori: ,],LC ,II 

ordi~lary orgnnic licjriid, the cllolcsterjc p l i ~ s e  may hnve nioii11i.i .el 
typical of organic crystals. ,4t preselit tl-iese ideas are v:.r\ 
speculative, and direct mobility infonl~ation is certainly req;,ricti. 
Efforts are coiitiiiuing to  find a suitable liquid crystal t o  ex s;iin;c 

mobilities. 
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